ABSTRACT
Bhutta et al. [7] reviewed CFD application in heat exchanger design, and showed that CFD technique is a good tool for predicting the 
1
The total pile number of is 21, which is essential for the foundation requirement of a dwelling. However, only the perimeter 16 piles The multiple EPs system is installed in a two-storey residential building in the UK. The building with the total floor area of 144 m 2 is 7 designed for one family of four persons, and its monthly heating energy requirements from November to April are shown in Fig.3 [35].
8
The maximum heating energy is 366.3 MJ in December, while the minimum is 230.2 MJ in April. The EPs are connected to a 5.9 kW
9
Greenline HT Plus heat pump [34, 35] which produces hot water at a temperature range of 35 °C to 65 °C. The main parameters of the 0 heat pump are illustrated in 
Where, ρ is the density (kg/m 3 ); c is the specific heat (J/kg·K); T is the temperature (K); t is the time (s); λ is the thermal conductivity 
6
The fluid energy equation to illustrate the convective-conductive heat transfer is given as [36]:
Where,
is the rate of change term; div (ρφu) is the convective term; Γ gradφ  is the diffusive term; Sφ is the source term.
9
The transient mathematical model is applied in 3D Cartesian coordinate system by using the k-ε turbulence model, thus the k and ε 0 conveyance equations of the standard k-ε turbulence model are obtained as:
Where, k is the turbulent kinetic energy per unit mass (J/kg); ε is the rate of dissipation of turbulent kinetic energy per unit mass (m 2 /s 3 );
4
Sk, Sε are the source terms; σk and σε are the Prandtl numbers of k and ε; μt is the eddy viscosity (m 2 /s); v is the fluid velocity vector;
5
Cμ, σɛ, σk, C1ɛ and C2ɛ are the empirical constants shown in Table 2 [36]. 
6
3
The fully implicit discretisation method is applied to this model, thereby the value of ξ is equal to 1. Owing to the transient term, the 4 time is subdivided into 4200 time steps of 3600 s which equals a time period of 180 days. 
9
 The boundary condition at the outlet is regarded as zero gradient for all variables expect pressure.
0
 The soil top surface is solid with a constant temperature of 10.4 °C which is the outside air temperature.
1
 The distant and bottom surfaces are set as no-slip solid wall with a constant temperature of 15.5 °C which is the annual average 2 soil temperature.
3
 The working fluid flow rate is 0.5 m 3 /s.
4
The main thermal physical properties of the materials are presented in Table 3 . 
5
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Where, mr is the refrigerant mass flow rate (kg/s); Vc is the compressor swept volume (m 3 ); ω is the compressor rotational speed (rev/s); 8 ρr,suc is the compressor suction refrigerant density (kg/m 3 ); Cv is the compressor volumetric coefficient, P is the pressure (kPa); ξ is the 9 specific enthalpy (kJ/kg), n is the polytropic compression coefficient; ηcomp is the compressor mechanical efficiency; Δξ is the specific 0 enthalpy change (kJ/kg); Qel is the electrical energy consumption (kW).
1
The COP of heat pump is defined as:
Where Qheating is the heating capacities (kW). The pile temperatures at a depth of 5 m are shown in Fig. 6 , the highest pile temperature is obtained from pile 10 (referring to Fig. 2 ).
0
The pile temperatures obtained from the simulation have the similar variation patterns as the experimental data, the maximum pile 1 temperature differences between the simulation and experimental results are 4.24%, 5.85% and 4.36% for piles 10, 11 and 12 2 respectively, as indicated in Table 4 , the maximum errors occur at the initial operation time for piles 11 and 12 while it happens at the 3 middle of the operation time for pile 10. The mean temperature errors are 3.4%, 2.9% and 2.6% for piles 10, 11 and 12 respectively, 
5
The soil is typically stratified with different materials including sand, clay, rock and so on. The soil temperatures at the location E 
These deviations could be due to the simplified assumptions in the CFD numerical model, for example, the influence of groundwater is 6 not considered in the numerical model. The errors of the soil temperature are summarized in Table 5 , it can be seen that the maximum 7 error is 11.90% and the average error is approximately 10%, therefore the CFD model is effectively supported by the experimental data.
8 
The system daily thermal energy outputs are given in Fig. 12 . It is found that the daily thermal energy outputs are lower in November 6 and April than those in the middle period (from December to March). Notably, the system maximum daily thermal energy output is 
2
Therefore, in order to avoid this problem, the system intermittent operation strategy is investigated based on the developed 3D model. Fig. 15 (b) shows the detailed thermal energy outputs in the first 4 days, it can be seen that the system thermal 18 energy output increases after each intermittence, for example, the thermal energy output at the fourth day intermittence is 198.8 MJ
1
while it is only 162.9 MJ at the first day. This is owing to the soil temperature recovery. 
8
As shown in Fig. 17 , the system is capable of meeting the building heating demand under both operating conditions. As can be seen 
It can be seen that the soil temperatures of the intermittent operation are higher than those of the continuous operation. This is because 20 the soil temperature recovers when the heat pump is shut down. The soil temperature recovery not only leads to the soil heat 1 accumulation but also improves the system performance, which is very favourable for the long-term operation. The proposed 2 intermittent operating strategy does not only contribute to improving the system performance, but also avoid the waste of energy 3 resources. Some previous studies [24-28] also indicate that the optimum intermittent time is a significant factor for the GSHP system.
4
Their results show that the most efficiency on-off ratio ranges from 1/3 to 1. 
The following conclusions are drawn from this study:
5
(1) The system maximum thermal energy output is 1299.6 MJ and the minimum is 76.4 MJ under the continuous operating condition,
6
while the maximum and minimum values under the intermittent operating condition are 892.3 MJ and 23.9 MJ, respectively.
7
(2) The monthly power savings of the intermittent operating condition from November to April are 43.4%, 55.9%, 55.6%, 55.3%, 46.9% 8 and 44.4% compared with those of the continuous operating condition.
9
(3) The mean monthly COPs of the intermittent operating condition are 3.63, 3.58, 3.45, 3.21, 3.25 and 3.34 from November to April, 0 with corresponding improvements of 9.3%, 9.5%, 7.1%, 5.9%, 4.8% and 3.1% respectively, compared to the continuous operation's 1 (3.32, 3.27, 3.22, 3.03, 3.10 and 3.24).
2
(4) The soil temperatures of the intermittent operation are higher than those of the continuous operation due to heat recovery for the 3 whole operating period.
21
(5) This intermittent operation gives better COP and saves more energy compared with the continuous operation. The optimum 1 intermittent operation strategy is critical to improve the system performance.
